A summation analysis of more than 70 individual kinematic studies involving normal knees and 33 different designs of total knee arthroplasty (TKA) was done with the objective of analyzing implant design variables that affect knee kinematics. Eight hundred eleven knees (733 subjects) were analyzed either during the stance phase of gait or a deep knee bend maneuver while under fluoroscopic surveillance. Fluoroscopic videotapes then were downloaded onto a workstation computer and anteroposterior (AP) femorotibial translational patterns were determined using an automated three-dimensional model fitting technique. The highest magnitude of translation was found in the normal and ACL-retaining TKA groups. Paradoxical anterior femoral translation during deep flexion was observed most commonly in PCL-retaining TKA. Substantial variability in kinematic patterns was observed in all groups. The least variability during gait was observed in mobilebearing TKA designs, whereas posterior-stabilized TKA designs (fixed or mobile-bearing) showed the least variability during a deep knee bend. A medial pivot kinematic pattern was observed in only 55% of knees during deep knee flexion. Kinematic patterns of fixed versus mobile-bearing designs were similar with the exception of mobile-bearing TKA during gait in which femorotibial contact remained relatively stationary with minimal AP femorotibial translation.
A summation analysis of more than 70 individual kinematic studies involving normal knees and 33 different designs of total knee arthroplasty (TKA) was done with the objective of analyzing implant design variables that affect knee kinematics. Eight hundred eleven knees (733 subjects) were analyzed either during the stance phase of gait or a deep knee bend maneuver while under fluoroscopic surveillance. Fluoroscopic videotapes then were downloaded onto a workstation computer and anteroposterior (AP) femorotibial translational patterns were determined using an automated three-dimensional model fitting technique. The highest magnitude of translation was found in the normal and ACL-retaining TKA groups. Paradoxical anterior femoral translation during deep flexion was observed most commonly in PCL-retaining TKA. Substantial variability in kinematic patterns was observed in all groups. The least variability during gait was observed in mobilebearing TKA designs, whereas posterior-stabilized TKA designs (fixed or mobile-bearing) showed the least variability during a deep knee bend. A medial pivot kinematic pattern was observed in only 55% of knees during deep knee flexion. Kinematic patterns of fixed versus mobile-bearing designs were similar with the exception of mobile-bearing TKA during gait in which femorotibial contact remained relatively stationary with minimal AP femorotibial translation.
The study of kinematics of TKA can be a valuable tool in the assessment of numerous parameters affecting TKA performance, including ROM, ligament instability, fixation stresses, and polyethylene (PE) contact areas and forces. Under in vitro and in vivo conditions, numerous analytical methods have been used to determine the kinematics of knees without TKA and those with TKA. 3, [8] [9] [10] [11] [15] [16] [17] [18] [19] [20] 23, 24, [27] [28] [29] [31] [32] [33] [34] These have included in vitro cadaveric evaluations, 12 gait laboratory motion analysis systems, [1] [2] [3] 12, 22, 25, 35 roentgen stereophotogrammetric analyses (RSA), [17] [18] [19] 27, 28 and quasidynamic MRI testing. 14, 16 More recently, video fluoroscopy has been used to assess kinematics of TKA. 4, [8] [9] [10] [11] 15, 23, [29] [30] [31] [32] [33] [34] This method allows analysis of knee kinematics under dynamic, weightbearing conditions with a high degree of accuracy. Most of these studies were done using a small sample size that usually assessed kinematic differences for one variable, most noticeably implant type, keeping the surgeon as a fixed parameter. Usually, these studies reported the femorotibial motion patterns in the sagittal plane, axial rotation of the femoral component relative to the tibial component, or the incidence and magnitude of femoral condylar lift-off. The kinematic findings from these fluoroscopic studies have enhanced our understanding of how the knee functions under in vivo, weightbearing conditions. Although the results from these studies have been beneficial, a direct comparison of a much larger sample size, including multiple variables, could lead to a more in-depth understanding of how implant design differences affect knee kinematic patterns and subsequent long-term implant performance.
Therefore, a study protocol was developed to determine the in vivo kinematics of numerous implant designs implanted by various surgeons, all of whom were experienced with implantation of the prosthesis to be analyzed. The main objective of this study was to determine the sagittal motion patterns between the femoral and tibial components in 811 knees (733 subjects) using video fluoroscopy, and to analyze implant design variables (bearing mobility, sagittal component topography, etc.) that affect knee kinematics.
MATERIALS AND METHODS
Knee kinematics of 811 knees (733 subjects) were assessed using video fluoroscopy (Institutional Research Review Board #0445). The knees analyzed included those considered normal (nonimplanted) or those implanted with a TKA. The subjects were analyzed under fluoroscopic surveillance either during the stance-phase of gait from heel-strike to toe-off or during a deep knee bend from full extension through 908 knee flexion. Fluoroscopic images were captured and downloaded to a workstation computer for analysis. Three-dimensional kinematics for each knee were recovered from the two-dimensional fluoroscopic images using a previously described model-fitting technique that determined the in vivo orientation of the femoral component relative to the tibial component. 10, 15, 23, 29 For gait analysis, individual fluoroscopic video frames at heel strike, 33% of stance phase, 66% of stance phase, and at toe-off were digitized, whereas videoframes at 08, 308, 608, and 908 flexion were digitized for deep knee bend analysis. Femorotibial contact anterior to the midcoronal plane of the tibial articular surface was denoted as positive, and posterior contact was denoted as negative. Extensive error analyses of the three-dimensional model fitting technique have shown a translational three-dimensional error of less than 0.5 mm. 23 To determine normal knee kinematics, computer-generated three-dimensional models of each subject's femur, tibia, and fibula were registered precisely to the two-dimensional fluoroscopic images using an optimization algorithm that automatically adjusts the pose of the model at various knee flexion angles. 20 For each activity, femorotibial contact paths were determined for the medial and lateral condyles and plotted with respect to knee flexion angle. As stated in our previous report on the normal knee, a distinct advantage for the three-dimensional to two-dimensional image registration approach used for this study was that the knee could be imaged in any view, whereas using a library matching approach constrains the knee to rotational limits. 20, 23 During normal gait, 261 knees were analyzed: 251 had TKA and 10 were normal knees. Fifteen of the implanted knees were ACL-retaining fixedbearing TKAs. Eighty-three knees had been implanted with a PCL-retaining fixed-bearing TKA, 74 knees received a posterior-stabilized fixedbearing TKA, 10 knees received a PCL-retaining mobile-bearing TKA, 35 knees received a posterior-stabilized mobile-bearing TKA, and 34 knees received a PCL-sacrificing mobilebearing TKA.
During a deep knee bend, 550 knees were analyzed. Ten were normal knees and 10 were ACL-retaining fixed-bearing knees (Axiom, Wright Medical Technology, Memphis, TN). One hundred thirty-six knees had PCL-retaining
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Dennis et al fixed-bearing TKAs, 163 knees had posteriorstabilized fixed-bearing TKAs, 69 knees had PCL-retaining mobile-bearing TKAs, 103 knees had posterior-stabilized mobile-bearing TKAs, and 59 knees had PCL-sacrificing mobile-bearing TKAs.
The following kinematics were determined and a comparison was made between each knee group: (1) number and percentage of patients experiencing posterior motion of the femoral condyles; (2) average motion for each femoral condyle; (3) ROM for each femoral condyle; (4) percentage of subjects in each group experiencing paradoxical anterior femoral translation greater than 3 mm, initially from heel-strike to toe-off in gait and then from full extension to 908 flexion during a deep knee bend; the percentage of subjects experiencing greater than 3 mm anterior translation at any increment during the stance phase of gait (toe-off to 33% of stance phase, 33% to 66% of stance phase, or 66% of stance phase to toe-off) and during a deep knee bend (08-308, 308-608, or 608-908 flexion) then was determined; (5) determination of the pivot position, assessing whether the occurrence is medial, lateral, or not present; and (6) standard deviation of the data within each subject group.
The measurements of translation represent either pure AP linear motion or rotation of the femoral component relative to the tibial component or a combination of both. The reported measurements comprise the amount of motion each condyle moves along the AP axis fixed on the tibia plateau. If pure linear translation occurs, both condyles move in the same direction along this axis. If rotation occurs, one condyle moves anteriorly, whereas the other condyle moves in the posterior direction.
The pivot position was determined by analysis of medial and lateral condylar contact positions at full extension and 908 flexion. Initially, the contact positions of the medial and lateral condyles were determined. A line was constructed between these two points at full extension and at 908 knee flexion (Fig 1) . An angle (u) then was determined between these two lines. If the full extension and 908 flexion lines converged on the medial half of the tibial insert in the coronal plane (apex of angle u), it was denoted that a medial pivot location occurred. If the lines converged on the lateral half of the tibial insert, it was denoted that a lateral pivot location had occurred. If these lines remained parallel to each other and the angle seemed to approach infinity, no convergence was observed and it was denoted that there was no pivot location.
A statistical analysis was done using a oneway ANOVA test and confirmed with a nonparametric Kruskal-Wallis evaluation. Using these two methods, statistical significance was determined for each TKA design group relative to the normal knee and to the other TKA groups. It also was determined whether the surgeon was a statistically significant variable by comparing surgeons implanting the same design of TKA.
RESULTS
Gait
From heel-strike to toe-off, nine of 10 subjects having a normal knee experienced posterior motion of their lateral femoral condyle, whereas the Fig 2) . The average total condylar motion from heel-strike (0% of stance phase) to toe-off (100% of stance phase) was -5.8 mm (4.3 to -23.1 mm; SD, 8.1) and -0.4 mm (10.6 to -19.5 mm; SD, 6.6) for the lateral and medial condyles, respectively. As the direction of knee flexion angle changed from extension to flexion, the lateral condyle translated in the posterior direction. When the angle changed from flexion into extension, the lateral condyle translated anteriorly. Three subjects experienced a lateral pivot motion, six subjects experienced a medial pivot motion, and one subject did not experience a pivoting motion.
Patients who received an ACL-retaining fixedbearing TKA experienced somewhat differing kinematic patterns when compared with patients having a normal knee (Table 1, Fig 3) . Eight of 15 patients experienced posterior motion of their lateral condyle from heel-strike to toe-off, whereas 11 of 15 patients had posterior motion of their medial condyle. The average condylar motion (from heel strike to toe-off) was -3.7 mm (5.7 to -23.1 mm; SD, 7.4) and -1.6 mm (18.2 to -19.5 mm; SD, 7.7), for the lateral and medial condyles, respectively. Unlike the subjects with normal knees, some patients having an ACLretaining fixed-bearing TKA experienced paradoxical anterior femoral condylar translation during knee flexion and posterior femoral condylar translation during knee extension. Two of 15 patients (13%) having an ACL-retaining fixed-bearing TKA experienced greater than 3.0 mm paradoxical anterior femoral translation from heel-strike to toe-off and six of 15 patients (40%) experienced anterior translation greater than 3.0 mm at any increment of stance phase. Seven patients had a lateral pivot motion and eight patients had a medial pivot motion.
Patients having a PCL-retaining fixed-bearing TKA experienced posterior translation of their lateral femoral condyle from heel-strike to toe-off, but less than in the normal knee or ACLretaining fixed-bearing TKA groups ( Table 2 Fig 5) . Only 45 of 74 patients (60.8%) experienced posterior motion of the lateral femoral condyle from heel-strike to toe-off and 41 of 74 patients (55.4%) had posterior motion of the medial condyle. On average, the lateral femoral condyle translated posteriorly -1.3 mm (3.5 to -6.4 mm; SD, 3.2) and the medial condyle translated anteriorly 0.5 mm (4.0 to -5.5 mm; SD, 3.3) from heel-strike to toe-off. From heel-strike to toe-off, 17 of 74 of the patients (23%) experienced greater than 3 mm anterior femoral translation of either condyle and 37 of 74 patients (50%) experienced greater than 3 mm at any increment of stance phase. The average amount of paradoxical anterior femoral translation was 8.1 mm (maximum, 13.4 mm). Overall, 31 of 74 patients (41.9%) experienced a lateral pivot motion, 35 of 74 patients (47.3%) experienced a medial pivot motion, and eight of 74 patients (10.8%) did not experience pivot motion.
Only one PCL-retaining mobile-bearing TKA was analyzed during the stance phase of gait that allows the PE to translate and rotate (LCS AP Glide, DePuy, a Johnson and Johnson Company, Warsaw, IN; Table 3 , Fig 6) . Only five of 10 patients (50%) and four of 10 patients (40%) experienced posterior motion of the lateral or medial condyle, respectively. On average, from heel-strike to toe-off, the lateral condyle translated in an anterior direction 0.2 mm (15.0 to -5.3 mm; SD, 5.7), whereas the medial condyle translated posteriorly -0.3 mm (5.1 to -11.9 mm; SD, 4.5). From heel-strike to toe-off, two of 10 patients (20%) experienced greater than 3 mm paradoxical anterior femoral translation of either condyle and five of 10 patients (50%) experienced greater than 3 mm at any increment of stance phase. The maximum amount of paradoxical anterior femoral translation was 20.9 mm, but could be attributable to femorotibial On average, 16 of 35 patients (45.7%) having a posterior-stabilized mobile-bearing TKA experienced posterior motion of their lateral condyle and 10 of 35 patients (28.6%) had posterior motion of the medial condyle (Table 3, Fig 7) . On average, from heel-strike to toe-off, the lateral condyle translated in the posterior direction -0.6 mm (2.7 to -4.2 mm; SD, 2.2) and the medial condyle translated anteriorly 1.0 mm (4.2 to -2.1 mm; SD, 2.0). Five of 35 patients (14.3%) experienced greater than 3 mm paradoxical anterior femoral translation of either condyle and 15 of 35 patients (42.8%) experienced greater than 3 mm at any increment of stance phase. The average amount of paradoxical anterior femoral translation was 5 mm (maximum, 6.2 mm). Similar to the patients having a PCL-retaining mobile-bearing TKA, the amount of anterior motion determined for these knees primarily was attributable to femorotibial rotation. Overall, 14 of 35 patients (40%) experienced a lateral pivot motion, 17 of 35 patients (48.6%) had a medial pivot motion, and four of 35 patients (11.4%) did not experience pivot motion.
On average, patients having a PCL-sacrificing mobile-bearing TKA experienced similar kinematic patterns to the patients who received a posterior-stabilized mobile-bearing TKA (Table 3 , Fig 8) . Only 16 of 34 patients (47.1%) experienced posterior motion of the lateral condyle and 16 of 34 patients (47.1%) had posterior motion of the medial condyle. On average, from heel-strike to toe-off, the lateral condyle translated 0.3 mm (5.7 to -2.7 mm; SD, 2.4) in the anterior direction and the medial condyle translated -0.2 mm posteriorly (4.3 to -5.1 mm; SD, 3.1). Nine of 34 patients (26.5%) experienced greater than 3 mm paradoxical anterior femoral translation of either condyle and 17 of 34 patients (50%) experienced greater than 3 mm at any increment of stance phase. The average amount of paradoxical anterior femoral translation was 6.9 mm (maximum, 9.3 mm). Similar to the patients having a posterior-stabilized mobile-bearing TKA, the amount of anterior motion determined for these knees was primarily attributable to femorotibial rotation (Fig 9) . Fourteen of 34 patients (41.2%) experienced a lateral pivot motion, 16 of 34 patients (44.1%) experienced a medial pivot motion, and five of 34 patients (14.7%) did not experience pivot motion. Fig 10) . Patients having a normal knee experienced the highest incidence (90%) and magnitude (-5.8 mm) of posterior motion of the lateral femoral condyle. The kinematic patterns for the fixed-and mobilebearing posterior-stabilized TKA groups were similar, as were the kinematic patterns for the various mobile-bearing designs (PCL-retaining mobile-bearing, posterior-stabilized mobilebearing, and PCL-sacrificing mobile-bearing).
On average, for all TKAs during the stance phase of gait, only 125 of 236 patients (53.0%) had posterior motion of their lateral condyle and 102 of 236 patients (43.4%) experienced posterior motion of the medial condyle. On average, the lateral condyle translated posteriorly -0.5 mm (SD, 3.3) and the medial condyle translated anteriorly 0.2 mm (SD, 3.1). Although it was expected that knees with intact anterior and posterior cruciate ligaments (normal knees and ACL-retaining TKA groups) would have less variability in kinematic data, the opposite was observed. The pivot location for the normal and implanted knees was similar. No statistically significant differences between the normal knee and any of the TKA groups were observed in magnitudes of femorotibial translation during the entire stance phase of gait (heel strike to toe-off; p > 0.1). However, kinematic patterns occurring during individual interval segments of stance phase (heel strike to 33% of stance phase, 33% to 66% of stance phase, and 66% of stance phase to toe-off) often were visibly different. Additionally, although the magnitude of AP translation during gait was similar among groups, the contact location for normal knees typically was located centrally on the tibia whereas the contact for most of the TKA groups was posterior, particular in PCLretaining TKA.
Deep Knee Bend All 10 (100%) subjects with a normal knee experienced posterior motion of the lateral condyle from full extension to 908 knee flexion, whereas nine of 10 subjects (90%) experienced posterior motion of the medial condyle (Table 5 , Fig 10) . On average, the lateral condylar motion was -19.2 mm (-5.8 to -31.6 mm; SD, 8.4) and medial condylar motion was -3.4 mm (3.3 to -11.8 mm; SD, 4.6) in the posterior direction. All subjects experienced posterior motion of both condyles from full extension to maximum flexion, but three of 10 subjects (30%) had greater than 3 mm medial condyle anterior translation during any increment of knee flexion. All lateral femoral condyles experienced only posterior motion. The maximum amount of medial condyle anterior translation was 5 mm. Only one of 10 subjects (10%) experienced a lateral pivot motion, eight of 10 subjects (80%) had a medial pivot motion, and one of 10 subjects (10%) did not experience a pivot motion. Similar to the subjects with a normal knee, all 10 patients (100%) having an ACL-retaining fixed-bearing TKA experienced posterior motion of their lateral condyle and nine of 10 patients (90%) had posterior motion of their medial condyle (Table 5 , Fig 11) . The average amount of lateral condylar movement was -13.6 mm (-10.0 to -20.3 mm; SD, 3.7) and the medial condylar motion was -6.1 mm (5.6 to -15.0 mm; SD, 6.3), in the posterior direction. One of 10 patients (10%) experienced paradoxical anterior femoral motion of their medial condyle greater than 3 mm from full extension to 908 knee flexion and six of 10 patients (60%) experienced greater than 3 mm of medial condyle anterior translation during any increment of knee flexion. Similar to the normal knee, all lateral femoral condyles had only posterior motion. The maximum amount of anterior translation was 8.1 mm. Similar to the subjects with a normal knee, only one of 10 patients (10%) experienced a lateral pivot motion, seven of 10 patients (70%) had a medial pivot motion, and two of 10 patients (20%) did not experience a pivot motion pattern.
Unlike the subjects with a normal knee or patients with an ACL-retaining fixed-bearing TKA, only 87 of 136 patients (63.9%) having a PCL-retaining fixed-bearing TKA experienced posterior motion of their lateral condyle and even fewer, 47 of 136 (34.5%), had posterior motion of their medial condyle (Table 6 , Fig  12) . On average, from full extension to 908 flexion, patients experienced only -1.6 mm of (4.7 to -6.4 mm; SD, 3.4) posterior motion of the lateral condyle, whereas the medial condylar motion was 1 mm (6.3 to -4.3 mm; SD, 3.5) anteriorly, significantly less than the normal knee or ACLretaining fixed-bearing TKA (p < 0.01). From full extension to 908 knee flexion, 32 of 136 subjects (23.5%) experienced greater than 3 mm anterior translation and 95 of 136 subjects (69.8%) experienced anterior femoral translation greater than 3 mm at any flexion increment of either the medial or lateral femoral condyle. The average amount of paradoxical anterior femoral translation was 8.4 mm (maximum, 10.5 mm). Overall, 56 of 136 subjects (41.1%) experienced a lateral pivot motion, 72 of 136 subjects (52.9%) had a medial pivot motion, and 10 of 136 subjects (7.3%) did not experience a pivot motion pattern.
Unlike the patients having a PCL-retaining fixed-bearing TKA, patients having a posteriorstabilized fixed-bearing TKA experienced a higher incidence and magnitude of posterior condylar motion (p < 0.01), but less in magnitude when compared with the normal knee ( Table 6 , Fig 13) . From full extension to 908 knee flexion, 136 of 163 patients (83.4%) having a posteriorstabilized fixed-bearing TKA experienced posterior motion of their lateral condyle and 98 of 163 patients (60.1%) had posterior motion of their medial condyle. On average, the lateral condylar motion was -3.7 mm (1.5 to -9.6 mm; SD, 3.3) and medial condylar motion was -1.0 mm (3.1 to -5.9 mm; SD, 2.7), in the posterior direction. From full extension to 908 knee flexion, Patients having a PCL-retaining mobile-bearing TKA experienced kinematic trends similar to those of the patients with the PCL-retaining fixed-bearing TKA (Table 7, Fig 14) . Only 47 of 69 patients (68.1%) experienced posterior motion of their lateral condyle and 32 of 69 patients (46.4%) had posterior motion of the medial condyle. On average, from full extension to 908 flexion, the lateral condyle moved -1.3 mm (5.2 to -7.1 mm; SD, 3.5) posteriorly and the medial condyle moved 0.4 mm (5.9 to -6.8 mm; SD, 3.8) anteriorly. Seventeen of 69 patients (25%) experienced greater than 3 mm anterior translation and 41 of 69 patients (60%) experienced anterior femoral translation greater than 3 mm at any flexion increment of either the medial or lateral femoral condyle. The average amount of anterior translation was 11.7 mm (maximum, 25.7 mm). Overall, 30 of 69 patients (43.5%) experienced a lateral condyle pivot motion, 28 of 69 patients (40.6%) had a medial condyle pivot motion, and 11 of 69 patients (15.9%) did not have a pivot pattern.
Patients having a posterior-stabilized mobilebearing TKA experienced kinematic trends very similar to patients who received the posteriorstabilized fixed-bearing TKA (Table 7 , Fig 15) . From full extension to 908 knee flexion, 87 of 103 patients (85%) experienced posterior motion of their lateral condyle and 51 of 103 patients (49.5%) had posterior motion of their medial condyle. In six of the 10 studies that were done, the patients experienced an incidence of lateral condyle posterior motion of 95% or greater. On average, the amount of posterior motion was -3.8 mm (0.3 to -9.0 mm; SD, 2.9) for the lateral condyle and -0.7 mm (4.2 to -5.7 mm; SD, 3.0) for the medial condyle. From full extension to 908 Fig 12. The graph shows the average medial and lateral condyle contact positions during a deep knee bend for a fixed-bearing PCL-retaining TKA (08-908 flexion). (Table 7 , Fig 16) . The average amount of motion was -2.1 mm (1.5 to -8.8 mm; SD, 2.8) in the posterior direction for the lateral condyle and 0.3 mm (3.8 to -4.1 mm; SD, 0.3) in the anterior direction for the medial condyle. From full extension to 908 knee flexion, 13 of 59 patients (22%) experienced greater than 3 mm of anterior translation, and 33 of 59 patients (55.9%) had an anterior translation greater than 3 mm at any flexion increment. The average amount of anterior translation was 6.8 mm (maximum, 10.2 mm). Twenty-seven of 59 patients (45.7%) experienced a lateral pivot motion and 29 of 59 patients (49.1%) had a medial condyle pivot motion. Three of 59 patients (5%) did not experience a pivot motion pattern.
Similar to the gait activity, overall comparison of each group revealed some interesting phenomena (Table 8 ). The normal knee and ACLretaining fixed-bearing TKA groups experienced very similar results and had the highest variability (widest standard deviations) of any knee group. The normal and ACL-retaining TKA groups had the highest magnitudes of posterior femoral rollback of the medial and lateral femoral condyles when compared with any of the other TKA groups (p < 0.01). Fixed-bearing posteriorstabilized TKA had greater posterior femoral rollback of the medial and lateral condyles than fixed or mobile-bearing PCL retaining TKA and PCL-sacrificing mobile-bearing TKA (p < 0.01) but was statistically similar to posterior-stabilized mobile-bearing, TKA (p > 0.5). No statistically significant differences were observed among fixed and mobile-bearing PCL-retaining TKA groups or PCL-sacrificing mobile-bearing TKA (p > 0.2). When investigating the affects of surgeon variability on AP motion patterns of subjects who received the same TKA design, no differences were observed (p > 0.2) when analyzing the mobile-bearing TKA groups. In contrast, statistically significant differences among differing surgeons was observed in subjects who received fixed-bearing TKA devices (p < 0.05). Overall, only 55% of all knee groups had a medial pivot pattern during a deep knee bend, whereas 37% had a lateral pivot pattern, and 8% did not have a pivot motion pattern.
DISCUSSION
Many think an objective of TKA is to reproduce the kinematics of a normal knee. Numerous in vivo, weightbearing, fluoroscopic analyses have shown that normal knee kinematics are difficult to obtain after TKA. Multiple kinematic abnormalities (reduced posterior femoral rollback, paradoxical anterior femoral translation, reverse axial rotational patterns, and femoral condylar lift-off) commonly are present. [8] [9] [10] 15, [30] [31] [32] [33] [34] Understanding these kinematic variances should assist in design of better TKA implants which either eliminate these kinematic abnormalities or at least accommodate them without creating adverse conditions which limit implant performance or longevity. By doing a summation analysis of multiple smaller knee kinematic studies, it was possible to analyze numerous subjects, who received more than 30 TKA designs, and gain additional knowledge of femorotibial motion patterns after TKA.
Various methods have been used to evaluate knee kinematics. [1] [2] [3] [4] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [22] [23] [24] [25] [26] [27] [28] [29] 32, 34 Many of these methods have evaluated the knee under either in vitro or nonweightbearing conditions. Numerous kinematic studies have documented that many of the kinematic variances discussed above are not observed unless testing is done under in vivo, weightbearing conditions. 10, 11, 14, [27] [28] [29] 34 Use of video fluoroscopy allows analysis of multiple activities done under in vivo, weightbearing conditions and therefore was chosen as the analytical method in this report. When combined with an automated, three-dimensional, model fitting process, kinematic analysis of AP femorotibial translation patterns can be determined with a high degree of accuracy (error value < 0.5 mm). 15, 23 The limitation of this methodology in the current analysis is that only two activities (gait and a deep knee bend) were tested, which likely does not capture all of the kinematic conditions the knee routinely encounters.
In the normal knee, posterior femoral rollback during a deep knee bend routinely occurs, averaging -19.2 mm (range, -5.8 to -31.6 mm) and -3.4 mm (range, 3.3 to -11.8 mm) for the lateral and medial femoral condyles, respectively. 20 Therefore, a medial pivot kinematic pattern is present. Numerous other kinematic evaluations have reported a similar pattern and magnitude of posterior femoral rollback during deep flexion activities. 4, 8, 10, [12] [13] [14] 16, [20] [21] [22] 24, 25 The magnitude of AP translation in lesser flexion activities such a gait is reduced substantially in the normal knee and in the multiple TKA designs evaluated in the current report.
The highest magnitudes of AP translation were observed in the normal and ACL-retaining TKA groups (p < 0.01), emphasizing the importance of the anterior and posterior cruciate ligaments in determining AP translational kinematic patterns. The magnitudes of posterior femoral rollback during deep flexion in all TKA designs tested were less than in the normal knee. This may explain, at least in part, why knee flexion is reduced after TKA when compared with the normal knee.
During gait, fixed and mobile-bearing posterior-stabilized TKA designs experienced similar kinematic patterns as those designs that lacked a cam and post mechanism (p > 0.1). This has been attributed to the fact that the cam and post mechanism of most posteriorstabilized TKA designs do not engage during lesser flexion activities such as gait. During a deep knee bend, however, posterior-stabilized TKA designs routinely showed greater posterior femoral rollback than designs without a cam and post mechanism (p < 0.01). This similarly explains, at least in part, why superior weightbearing flexion typically is obtained in posteriorstabilized TKA in contrast to designs which lack a cam and post mechanism. 11 Enhanced posterior femoral rollback delays posterior impingement between the femur and posterior aspect of the tibial component, allowing increased knee flexion to occur.
In the current study, patients with either a fixed or mobile-bearing PCL-retaining TKA experienced the highest incidence and magnitude of paradoxical anterior femoral translation of either femoral condyle. During a deep knee bend, 72% of patients having a PCL-retaining fixed-bearing TKA and 60% of patients with a PCL-retaining mobile-bearing TKA experienced greater than 3 mm paradoxical femoral translation during knee flexion. Predominantly, during anterior femoral translation, both condyles shift anteriorly. Patients who had either a fixed or mobile-bearing posterior-stabilized TKA also experienced anterior femoral motion, but it occurred primarily on the medial side after the cam and post had engaged (deep flexion > 608). At cam-post engagement, the medial condyle experiences the greatest shear forces and translates anteriorly as the lateral femoral condyle levers posteriorly. This finding was determined by analyzing the data in flexion increments greater than 608. After a patient achieves 608 flexion, the medial femoral condyle typically shifts anteriorly a similar amount as the lateral condyle translates posteriorly.
The anterior translation of the femur on the tibia observed in our investigation has numerous potential negative consequences. First, anterior femoral translation results in a more anterior axis of flexion, lessening maximum knee flexion. 10 Second, the quadriceps moment arm is decreased, resulting in reduced quadriceps efficiency. Third, anterior sliding of the femoral component on the tibial PE surface risks accelerated PE wear. Blunn et al, 6 in a laboratory evaluation of PE wear, reported dramatically increased PE wear with cyclic sliding as compared with compression or rolling, because of increased subsurface shear stresses.
The magnitudes of AP translation of fixed versus mobile-bearing TKA designs of similar type (fixed-bearing PCL-retaining versus mobile-bearing PCL-retaining) were not statistically different in a deep knee bend or when comparing the amount of AP motion from heel strike to toeoff during gait. However, when interval segments of the stance phase of gait were evaluated (heel strike to 33% of stance phase, 33% to 66% of stance phase, and 66% of stance phase to toe-off), higher magnitudes of AP translation were observed in fixed-bearing versus mobile-bearing TKA designs (p < 0.05). Additionally, much higher variability in contact position (anterior versus midline versus posterior) on the tibial component was seen commonly in fixed-bearing TKA designs. Typically, contact position of the medial and lateral femoral condyles remained near the midline of the tibial component during gait with minimal AP motion in subjects who received mobile-bearing TKA. They also had less paradoxical anterior femoral sliding during the stance phase of gait. This results in reduced PE shear stresses and may account, at least in part, for the low PE wear rates reported with clinical use of mobile-bearing TKA. 7, 26 These phenomena may be secondary to the higher sagittal femorotibial conformity typically present in most mobile-bearing TKA designs. Condylar motion in rotating platform mobile-bearing TKA designs predominantly occurred because of PE bearing rotation rather than femorotibial translation on the articular (topside) of the PE bearing. Routinely, as one femoral condyle moved in the anterior direction, the contralateral femoral condyle would move posteriorly in a similar amount. This is supported by work done in our laboratory in which tantalum beads were implanted into mobile-bearing PE tibial inserts before implantation in nine patients (Institutional Research Review Board # 0614). The metallic beads then were tracked using the same fluoroscopic method as was used in the current report. All nine patients achieved PE bearing rotation whereas minimal motion occurred between femoral component and PE insert, which also may contribute to the low PE wear rates observed in clinical reports of mobile-bearing TKA. 7, 26 Additionally it is clear that surgeon variability can play a significant role in eventual knee kinematic patterns. In surgeon-to-surgeon comparisons of subjects who received the same fixedbearing TKA implant, a statistically significant difference in AP motion patterns was observed (p < 0.05). For example, three different studies were done by three different surgeons, all implanting the same fixed-bearing posterior-stabilized TKA prosthesis. In two of these studies, 95% and 100% of patients experienced posterior rollback of the lateral femoral condyle, respectively during deep flexion. In the third evaluation, only 65% of patients had posterior motion of the lateral condyle. This statistically significant variance among differing surgeons was not observed in subjects who received mobile-bearing TKA designs. This may be attributed, at least in part, to the increased sagittal plane conformity typically observed in mobile-bearing TKA designs, which provides enhanced control of kinematic patterns and therefore lessens the affect of differences in surgical technique among surgeons.
There also was great variability among TKA types within each group (posterior-stabilized fixed-bearing, PCL-retaining fixed-bearing). For example, patients having a PCL-retaining fixedbearing TKA with asymmetric femoral condyles experienced more than twice the amount of posterior femoral motion and substantial paradoxical anterior femoral translation when compared with patients having a PCL-retaining fixedbearing TKA with symmetric femoral condyles. 5 Although it often has been assumed that all posterior-stabilized fixed-bearing TKA designs have similar kinematic patterns, the opposite actually is true. Differing incidences and magnitudes of posterior femoral rollback typically were seen when comparing differing fixedbearing posterior-stabilized TKA designs. One fixed-bearing posterior-stabilized TKA design, for example, showed an excessively posterior contact position throughout the flexion range, thereby never achieving cam-post engagement.
Finally, although it has been reported that the normal knee functions with a medial pivot pattern, only six of 10 patients (60%) and eight of 15 patients (53.3%) having a normal or ACLretaining fixed-bearing TKA, respectively, experienced a medial pivot pattern during gait. During a deep knee bend, a medial pivot pattern typically was observed in both of these subgroups. A medial pivot pattern was observed much less frequently in the remaining TKA subgroups. Overall, during gait, 127 of 251 patients having TKA (50.6%) had a medial pivot pattern, 95 of 251 patients having TKA (37.8%) had a lateral pivot pattern, and 29 of 251 patients having TKA (11.6%) did not have a pivot pattern. During a deep knee bend maneuver, 313 of 540 patients having TKA (58%) had a medial pivot pattern, 184 of 540 patients having TKA (34.1%) had a lateral pivot pattern, and 43 of 540 patients having TKA (7.9%) did not have a pivot pattern.
Sagittal plane translation patterns after TKA usually do not duplicate those of the normal knee. Additional study of kinematic patterns after TKA should further our understanding of TKA performance and facilitate improvements in TKA prosthetic design.
